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The influence of initisd temperuture (To = 195 Ok

. 0
ard Te = 295

K) on the limits of detonability of
geseous detonatione ie investigoated for mixtures of
CH4 - 02, H2 - 02, and H2 - a2ir at one atmosphere
initial pressure in long tubes of 4, 6, 10, 16 and
26 nm inner diasmeter, respectively, by use of a
rotating drum camera. Two experimental deslgns are
deceribed to measure these limits at low initial
tenperatures. The regime of fuel gas concentrations
for stable detonations becomes somewhat narrower

&t lower initial {emperatures., ‘*he influense of the
initial temperature on ivhe critical tube diameter is
estimated. Furthermore the appliecability of the

Chapman-Jouguet theory is discussed in relation to

shock wave configurations, i1.e. the Mach triple ccn-~

figuration. The essential arguments for the existence

ol the llndts of dctonability are discursed. Finally

a new metlod to esiimate the linits of detonabhillty

with & wvery simple expevinental ayrrangemen: is des-

.\\
|
|




cribed. By this method experimenits concerning
the stability of a detonation and its initiation

process are linked together.
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I, INTRODUCTION

Shortly after the discovery of gaseous detonaiions
by Betthelot and Viedle and by Mallard and Le Chatelier,
Chapman and Jouguet gave a theoretical dessription

of a one-~dimersicnal detopationa Thelr thecretigwul
mcdel was very siuccessful as far as tie preaiction
of detonation velccities is concerned, The under=-
standing of the stability of a detonaftion is nct so
well developed.,

The stability of detonations 1s of interect in two

respects.

1) Limits of détonability are the stability Llimits
of selfsustzined detonatiors. They are of pgreat
importance concerning the proviems of safety,

2) The understanding of the gtability »f detonations
ie essential for the e’ucidation of t

mechanism of the detonntion itself,

I1. THE ONE=DIVENSICNAL MODEL CF A 510

In the 2lassical model a detonation ic deseribved an



Lal 2]

a shock wave behind which a rapid chemical reaction
oocours after an induction time. Pressure, density, and
temperature of the fresh ges are increased

suddeniy by the shock wave. During the induction

time these values remain constant, But after the
spontaneous onset of the exothermic chemiocal reaction

the “emperature increases, why the pressure and the
density decrease to lower values. In this mcdel a

stable detonation can be described by the laws

of conservation of mass, momentum, and energy. The
Chapman-Jouguet law states, that for a stable detonation
the Rayleigh-~line has to touch the Hugoniot-curve

for the final producte. From this, it can be deduced that
the velocity of a detonation is a minimum velocity. The
basic assumption of this one-dimensional model is

that a thermodynamic equilibrium exists both in front

of and behind the reaction gzone. However, the effects

of transport phenomena, the influence of the tube
diameter, the length of the reaction zone and the details

of the chemical reaction were not considered, Detonation




velocitieu calculated by this model correlate with
those obtained experimentally. However there exists
sometimes & distinct discrepancy betwecen calculated

and measured values for the density and pressure,

I1I. A DETONATION AS A THRRUWE DIMENSIONAL PHFNOMENON

Many expevriments, using & variety of experimental
tecliriiques, have been performed to obtailn a more re-
alistic model of a detonation. Two ways are normally
used for the experimental investigation of a detonation:
the first 1s concerned with the macroscopic behaviour
of a detonation and the second with the microscopic
phenomena., The "microscopic" point of view is con-
cerned mainly with the interaction of shock waves.

Deep insight into the interaction of shock waves was
obtained by the method of soot traces and instantanecus
Schlieren photorraphs, especially by using Laser
techiniques [2] . Despite the great number of experiments
and thorough theoretical calculations one is not yet

able to give a theory describing a detonation as a whole




Es secially the problems concerning the initiation

of a detonation and the limits of detonability

have not yet becn solved. 1t io obvious, however,
that a detonation is a three dimensional process

with a very com lex r:iicroscopic structure. The front
of & stable detonation is uneven and detcrmined by
shock wave interactions, i.e. as the Mach triple con-
fipuration, leriodic movements of shock waves at the
front of the detonation are coupled with transverse
oscillations in the burnt gas as observed by the
macroscopic phenomenon of spin. Transverse oscillations
in the reaction zone seem %0 be responsible for the
transport of energy to the delonation front, znd a
deionation is stable as long as these transverse

oscillations are compatible with the boundsary conditions,

Iv, THE LIMITS Oj° DETONABILITY

In a plot of detonation velocity versus fuel gas
concentra tion the limits of detonahillity are characterized

by a jump in the detonation velocity. These limits

e
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give the rergion of the gas mixture in vwhich a

stalle delovation 1% pocvivie. At tlhe 1limitu of
detornatillty one always olserves the lowest po. ~ible
frequency of sypin which can be calculated by 8

simple formula derived by Manscn and Yay [3] .

1. P
v = —13133 {circvlar tube cross sectiorn)

Until now tre influence of the tube diemeter, the
addition of inert gases to the ezxpiosive gas mixture,
the initial pressulre and temperature on the limits of
detonability have been investicated [8]

The principel results shall he summarized: the fuel
gag conceniration at the limits is a linear function
of the rec grocal tube diameter for a wid: range of
tube diameters. The slope of this straipght line is a
measure of the influencs of the tube diameter on the
limits of detorarility. The detonation velocity
measured near the limits is in rfouvd arrcement with
the values calculated from the Crapmen-Jougnet-theory
The addition of inert gases can irad to & detonation
regome whicl is either smaller or larger than without

an ~nert gar, This I8 mainly gfiven by the ratio of




the o ~1fic ncatc hehind the shock front and by

the dilution of the reactive components ol the

gag mixture. A decrease in the initial precsure
leads to a smaller dctonation regime. As there
exists a critical diameter for the propagation

of a stable detonation, there also exists a critical
pressure, This is the lowest pressure for which a

stable detconation 1s possible.

V THE INFLUENCE OF INITIAL TEMPERATURE ON THE LIMITS

OF DETONABILITY

Until now little is known about the influence of
initial temperature on the limits of detonability,
but the inlluence of initial temperature on the
detonation velocity has been investigated several
times [4] . Dixon measured the detonation velccilties
for mixtures of 02H4 + 202 and C2N2 + 02 at initial
temperatures of 10 and 100 °c and at 1 atm. initial

pressure., Laffitte investigated the detonation velocities

of 2H, + 0, (450 - 475 OC initial temperature) and




CII4 + 20, (525 - 530 °C initial temperature) at
norral pressure. Ragland, Cosens, and Cullen deter-
mined detonation vclocities of stoichiometric hydrogen-~
oxygen mixtures for low initial temperatures down

to the vicinity of the oxygen vapour saturation point at
initial pressures from 1 to 15 atm. Gordon and Zeleznik
calculated detonation parameters of hydrogen-oxygen
detonations from 0,01 to 100 atm initial pressuyre and
from 200 to 500 °K iniii al temperature. Another
investigation about the influence of initial temperature
on detonations in hycrogen-oxygen has been publiished

by Ladermann,

Summarizing all these 1nvesligations one can =ay:

at constant iritial temperature the detcnation

velocity increases with increasing initial pressure,

and at constant initial presscure the detonatvion ve-
locity decreases with increasing initial temperature.
The variation in the detonation velocities is about

1 to 2 4 when the initial temperature is varicd by

100 0}, It should be mentioned that this result is in




accordance with the Chapman-Jouguet-theory.

The main subject of this report is the influence

of 1.:itial tempersture on the limits of detonabllity.
What can be expected from the Chapman-Jouguet theory ?
If Q is th heat of reaction per urit mass, x the
ratio of the specific heats, D the detonation velocity,

a the velocity of sound, and index o refers to the fresh

gas, then the following relation holds approximately:

In a first approxima-:ion the initial temperature T,
has no influence upcn D, ag is proportional to To
and therefore the teaperature at the CJ-plane, TCJ'

is approximately in.ependent of To’ From this it can

be expected that a t¢table detonation should not be greatly
influenced by the initia! temperature. But at the limits
of detonability the Chapran-Jdouguet theory is not valid

and here a greater influeice of the initial temperature




can he expecled.

VI THE EXPLERIMINTAL DESIGN

The influence of initial temperature on the limits

of detonability wae investigated at 1 atm. initial
pressure and fux initial temperaturee of To = 295 %k
(room temperature}, T, = 195 °k and T, = 135 %K,

The experiments were carried out for the following gaseous
mixtures: hydrogen - oxygen, hydrogen - air, and methane .-
oxygen., For comparison with these initial temperatures,
the boiling points of the components of the gaseous
mixtures are given here:

Methane 111.7 °K

Oxygen 90.2 °K

Hydrogen 20.7 Ok

Nitrogen 77.4 °K

VI 1) THE 1HOTOGRAYHIC TECINLIQUEL

The comhustion processes in the tubes were recorded
by a rotating drum camers which is described in

detail in [5] . With the film moving perpendicular




Wi} 8yl uo
woiboip (3-x) awn - adnds o
JO UCHDWLIO 3y} JO UoHDIISN))| LB g

X
-
“
|
" T
It} 34} UO auGZ
_ 3n0MUN ) jo yjod
= %) awn 3y} 1D T swi a0

SeUQZ sSNouluwin| SaUGCZ sShoulun
ot

ST} o1W Io1R=1 S TH T
-g—- -

+0 UDH{TOCDC Lud

i ron0eNp
-f—

Wity ay;
uo sagnj} soOixs|d
3y} jo sabown

w4~

Wity 3y} ;0 juswW
-2A0W §2 UODAIIP




IR

- 11 -

to the image ofhhetonation front one odbtains

a space-time-diagram of ithe luminous gones of the
conbustion process, This luminous detonation front
gives an inclined path on the f£ilm, and the slope

of this path is dependent on the relative velocity

of the film and the image of the luminous front. This
is demonstrated schematically for a stable detonation
in Fig, 1. The detonation velocity can be calculated
from the slope of the path, the ratio ¢f the original
tube length to its image on the film, and the frequency
of the rotating drum camera. This photogrephic in~
vestigation of the stability of a detonation has

some advantage to the registration of the detonation
velocity by an electric device. On the film not only
the variation of the detonation velocity at the limit
of detonabllity but also the structure of the com-
bustion process is recorded. Studying the structure
and the velocity of the detonation front one obtains a

very critical proof of stablility. From this point of

-



view a detonation is & stable detonation if the

Juninous path on the film is line and if its

structure is repgular (Picture 1), It is alao under tandable
that ther. might be a slight difference in the

resulte from this method to mecasurcments made by the

registration of the electrical signals of probes.

VI 2) THE DETER.INATION OF THE FUEL GAS CONCENTRATION

To avold explosions hazards the explosive gas
mixtures were not stored in tanks., The flowing gases
were premixed roughly by means of flowmeters and the
fuel-gas concentration vas determined finally by a
Zeiss Haber-Loewe~Gasinterferometer, which wag
thermostated at 24 °C. This interferometer was cali-
breted for each measurement with cxygen as reference
gas, By tris method the fuel pgas concentration could
easily be determined to an accuracy of + 0.5 4.
Cormercial gases were used which were dried with a

mixture of dry ice and methyl alcohol.




Picture 1: Two self-sustalned detonations

in H, - air, 2 = 295 °k, p,= 1 atm.

22, 1 Vol &% H, = 26 two wmarks

d
d = 16 one mark




VI 3) TIE COCLING OF TUE GASES

Ts cool down the explosive gas mixture it was
nacessary to use inflammable refrigerants. In

the first step of the research the limits of
detonability of methsne-oxygen mixtures were investigated
at To = 295 %K and 195 °k, This system is much easier
to investigate than the other ones because of the
higher luninosity of the detonation frcnt., On the
other hant the detonation pressures are expected to
be higher than for H2 - O2 nixtures. It was decided
to use two experimental designs for cooling down the
gases., The first experimental arrangement was a
relative oimple oné and was used for To = 195 %,

I% was a 0 m long isolated container of aluminium

in whieh the detonation tubes were cooled down with
diry ice. Tor the heat insulation ¢f the experiments
atl To = 135 OK, a 7 m long ecylindrieal Dewar vessel
we.e construeted and iiquid nitrogen was used as a
rcefrigerant, The Dewar was found to be more efficient
at the lowest temperature bvecauvse of its better in-

8. Lating yropertier than that of the commercially



avallable mterials., The *thickness of the innex
Dewar wall was as thin as possible to avoid too
hign & consumption of liquid nitrogen. This arrangs-
ment was found to be mos?¥ satisfactory at lowest
temi)eratureso For the experiments at To = 195 °K the
detonation tubes were constructed out of metal to
whnich plexiglass tub2s were connected.

Because at ihe lower initial temperature (To = 135 ©

K) the
connectlons between the metal tubes and the plexiglass tube
became loose, it was decided therefors to use plexi-

glass - X7 ithroughout, No influence of the material

of ihe tubes on the 1imits of detonability could be

detected at room temnerature,

VI 4) THE I}ITIATION OF THE DRTONATION

The problem of cooling dowa the tubes gives an upper
limi%t for tle tube length. It was therefore éeciéed

to initiate the detonation in the test mixture using

a stoichiometriec mixture of the same components. However,

the tubes must have 2 minimum length due to the existlenue
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: i overdriwven detonatvions in Lthe firat part

: or the tutes. For the I, - 0, and CH, - 0, systeme
i o s P

2
tubaes of 7 m length and arn innexdiameter less than

30 mm wer: found to be adcquate. The general scheme

of tThe experimental arrangement is illustrated in

Fig. 2. In order to reduce the length of the ignition
section a coil of wire wae inse~ted [6] . This section
was seperuted from the starti.g chamber by a dia-
phragm of cellophane or aluminiuvm, Iz our case the

kind of d:aphragm did no% influonce ths measurerenio.

VI 5) THE EXITERIMENTAL DESJGN POR T = 195 9k ANt THE

DESCRIPTION OF JEASUREMERT

A sketech of the apraratus je given in Fig, 2. Each
experiment was performed with three tubes of aluminium
o 4, 5. "D, or 1C, 16, 26 mu ianer diameter and

1 mm wall thickns3s . These tubes wers situated one

ahbove the other with a distance of 1 om between them. T

tire length of The tubes of about 10 =, sevenal tubes
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aluniniu o had to be jolired wixth studliing bvoxes

an: o-..nie. The conrecticz he aean the plexigless tune ovo

o
4

)
-
[5)

the metel t.obae was nade iu o same menner (Tig 9).

tzkon ecare 5f the nonnecsiony Loswecn two tubes HTe Le st

At “he heginning of cach experiment the tubes were pu”
into the isnlated coantainer of alvminium with & cross
sechion of 0 x 80C mm and 10 zm longth and the obsarvailicn
window at o:c end, walel was norszslly clogsed by the
iscliuting m terial (fAporit) .

After the r:irigerant of crushed dry ioce was pucked avouni
the detonation tubea, the container was olosed by
of the iscl-ting méterial\ I ihdls way the low fHamparaturc
inside ecould be maintained witlous cignificant losses  The
temperature: along the “ubes were measured with thermo-
couplies and wonitored bir a 12-co0int-reccorder.After the tubeus
wers cooked down to She tenperasere of dry ice,the preminad
dried zasee eireemed LThrough whe smellest tupe into the
initiation vection. From heve wue zases {lowed tarough th-

1

twe other tvbes dnto o therncatated copper canlliinsy  uniw
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led direcily into the gas interierometer. From the

[ov]

interferometer the gas passed through a long PVC tube
into the open air. The gas flow through the inter-
ferometer was about 100 cm3/secu If the reading re-
mained constant for half an hour, the gas stream was
stopped and the valves were closed., The composition

of the mixture was then determined with the gas at

re 't, During the time while the gas in the tube was
veen cooled down to 195 °K, the initiation section

was filled, Prior to an experiment the isoclating
material was taken out of the window of the container
and the outside of the plexigless tubes was defrosted
by methyl alcohel 1n.A.. The gas mixture in the inltiatiou
section was ignited by a spark plug and the detonations
in the tubes were recorded by the rotating drum

camera .

After each measurement the tubes had to be warmed up to

room temperature and replaced ii damage had been occured,

e ca
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The water inside was then removed by pumping. The dried
tubes were ther put back into the cooling system and

a new experiment could be started,

It is interesting that at the low temperature at the
limits of detonability dents were often observed along
the first two or three meters of the aluminium tubes
behind the starting chamber, There is no doubdbt, that this

is an indication for the onset of detonations.

VI 6) TUE EXYER!IENTAL DESIGN FOR T = 175 °K<£Fige 4,4b)

For the experimen?s at this temperature plexiglass XT
tubes of 7 m length with an inner diumeter of 6, 10, 169.
and 26 mm and a wall thickness of about 2 mm were used.,
To avoid too high a consumpticn of the refrigerant

a 6.50 m long cylindrical Tiewar vessel with a window

of 60 cm length near onc of its ends was constructed and
built in our work sﬁopc This Dewar was made of brass with

an outer tube of 150 » 2.5 mm and an inner tube of 93 x

09:2°

This Document Contains Missing
Page/s That Are Unavailable In
The Original Document
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1.5 mm, The end plates of the Dewar vessel bet-

ween the outer and the inner tube, and the frame

of the window were made of German silver., The
pressure in the Dewar vessel was kept at 10"4 Torr
with a rotary oil pump and an oil diffusion pump.

For a Dewar vessel of this length the thermal
dilatation must be comprensated for., The inner part

of the Dewar vessel was at 135 %K whereas the outer
part wag at room tempereture and both parts were con-
nected at the ends by German silver with 2 mm thick-
ness, For this reason flexible metel bellows (Tombak)
vere soldered near both ends intc the outer tube

of the Dewar vessel. The window was built in a mannerxr

that it could overcome the resulting mechanical strains-

Iiguid nitrogen and CFQCIQ(F12) were used as refrigerants.

The latter has a melting point at

- 155 °C with a comparatively high heat of fusion,

Thus an average temperature of - 140 Y5 9 along the
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gtralght tubes incide the Dewar vessel was a-
chieved, At 1074 Torr in the Dewar vessel heat
losses by conduction were kept to a minimum and those

by radistion were reduced by polishing the inner

surfaces of the Dewar vessel before mounting.

VI 7) DESCRI1TION OF MEASU: EMENT AT 135 °k

In one experiment we only used two tubes lying side

by side, which were filled with the gas under in-
vestigation in the manner described above. When the
¢as strean wag stopped, both the valves were closed
and the open ends of the plexiglass tubes were closed,
t0o, The tubes were then inserted into the Dewar
vessel whic:. was already at the low temperature. The
ends of the Dewar vescel were closed by placing rubber
rlates over them, These plates contained holes to
enatie the detonation tubes 0 pass through ithem

(sec Fig, 4). For cooling down of the tubes, a
sufficient quentity of the refrigerant was then filled
into the Dewer vessel. The pressure inside the closed

detonation Luves was reduced at the lo er temperatures.
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In order to overcome this decrease of pressure,

a flexible tube of PVC with a volume of approxi-
mately 10 1 (inner diameter 16 cm) which acted

as a gasometer was connected to the detonation
tubes and filled with the same gae mixture. Thns
the initial pressure in the system could always

be maintained at 1 atm. by reducing the volume of
this gasometer. In contrast to the apparatus des-
eribed under 5) the two tubes for each experiment
were situated side hy side., A surface mirror lo~
cated in front of the observation window was used
to deflect the light of the detonations to the ro-
t-ting drum camera.

After the cooling down of the tubes and the filling
of the initiation section with the stoichiometric
gas mixture, the insulating material in the obser-
vation window was removed and replaced by a plate
of plexiglass to prevent heat convection and ice

forming on the outside of the detonation tubes. The
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detonations were then initiated and the subsequent
combustion processes were recorded photographically.
In voth cases %) and 7), the frequency of the rotating
drum camers was measured by an oscilloscope, using
Ligsajous figures with a frequency generator ses a

standard.

After each measurement the tubes were taken ocut of

the Dewar vesscel, heated up to room temperature and the
water inside was removed by pumping. It is to be
mentioned that, at the limits of detonahility, the

plexiglass tubes were generally destroyed within a

few meters after the starting chamber. This again was

the point where the detonation was started.

VI 8) THE YHOTOGRAPHIC MATWRIAL

It is known that for the gas systems under investigation
the luminosity of the combustion processes near the
linits of detonability is very weak. This is especially

true for detonations in hydrogen - oxygen or hydrogen - air




mixtures v iere in the present investigation

a lot of 1 'ouble was experienced in obtaining
suitable 1 10tographs at the limits of dectonability.
Therefore 2xtremely high speed panchromatic films 1.
e. Kodak 2475 Recording Film with DK 50 as & de--
veloper ar i Kodak High Speed Recording Film

with MX 642-1 as & developer were used. The develop-
ment was usually made at elevated temperaturesn.

For detone iions with higher luminosity Kodak wRI-X-

Tan with 1 dak HC~110 developer was used.,

VI 9) THE IVALUATIOMN OF THE FIIMS

Depending >f which experimental arrangement weg
used eithc: two or three combustion proces-~es were
recorded (jee Yicture 1), If the detonation is

a stable c1e, the path of the luminous detonation
front has 31 very regular structure and can be ap-
proximated¢ by a straight line., When the composition
of the gat :ous mixture approaches the value at the

limit of ¢ >tonability, the image of the detonation
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Picture 3: The onsst of g detonation in CH4 - 0?

9,7 Vol % CH,, T= 295 °K, p = 1 atm, =10 mm




Iront graduc :ly changes into & sinusoidal forn

(see Picture 2). Beyond ihe limits of detona-

bility one coserves detonations dying off or

starting wil1 an alternating velocity of pro-
pagation., Flually only accelerated flames are

recorded (Pi:ture 3), which are much slower than
detonations :nd whioh do not have such a marked
structure, u.til nothing is to be seen on the film.
Especially a5 the limits of detonability of hydrogen -
oxygen mixtures a fairly wide range of detonative
combustion bayond the limits of detonability was
observed., This is a very important fact for safety
purposes. Ge.ierally speaking as long as short sections
are considerxr:d there is only a gradual change from

the regime 0" a stable detonation to the regime

of flanes.

For the dete mination of the limits of detonability

as a functioeon of the tube dirmeier, the fuel gas
concentration was first chosen such, that in at least

cne of the t.:0 or three tubes a siable detonation

1
1
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could be «xpected. The limits ol detlonability

for one trbe diameter were determined by averaging
between tle two rolnis having similar values of
the fuel (as concentration, of wkich one belonged

to a gtable and the other to an instable detonation.

VII EXIERTENTAL RESULTS

VII 1, DEIONATION VEI.OCITY

The deton:tion velocity did not depend very stirongly
on the initial temperature. This is in good accordance
with measurements discussed above. With an accuracy

of measurcment of about ¥ 2 % we generally did not

find any influence of the tube diameter on the deto-
nation velocity., Only here and there just at the limits
of detonaiility a2 very slight depen‘ence of the tube
diameter «n the velocity of etable detonations was

found, In Fig. 5 and 6 the Mach numbers for detonations
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in CH4 © Vo and H2 - O2 mixtures are plotted
argainet 1 el gas concentrations, with the initial
temperature as a parameter. These Mach numbers
determine the sirength of the front shock waves,
The Mach nrumber is cefined as ihe ratio of the
detonation velocity and the velocity of sound in

the unburnt gas.

VII 2. % :‘ERATURS 2F IND THE SHOCK V.V

With these measure.! detonation velocities the
tempersture behind the front shock wave was calculated
for 0H4 - 0, (Fig. 7), ossuming that just behind the
shock wave there it no chemical reaction. The
temperature behind the sl.ock wave is nhearly inde-
pendent of the ini-ial teuperature. This temperature
correspond:s to the temper:iure at which the chemical
reaction 1i: the detonation rone firsi starts, assunming

that the oune-dimensional trvatment of a detonation

is valid., {(n the other hand the pressure behind the

o
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shock vave 1s very strongly influenced by the

initial temperature.

Vi1 3. THE LIMITS OF DETONABILITY

The limits >f detonability are represented in

terms of fu:l gae concentration as a function

of the reciprocal tube diameter with the initial
temperature es a parameter (Fig. 8, 9, 10). In these
plots tl.e upper and the lower limits of detonability
are represented by straight lines, the slopes of
which are & direct measure of the influence of the

tube diametar. For all these systems under in-~

vestigation the concentration regime of stable
detonations becomes narrower for the lower initial
temperatures. Also the influence of the tube diameter
on the limits of detonahility is a little more
pronounced at the lower initiel temperature, The
measured velues of the fuel gas concentrations at

the limits »>f detonability sre tabulated in Table

1, It must e pointed out that the values for
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Tabie 1 The measured limitsof detonabillty
CH! -~ O?
G s
To [FK] d 'mm] Vol % CH4
upper limit lower limit
¢ 50-7 10.0

10 52.7 8.3
1('- 5356 7‘3
2¢ 54.3 6.7
oc 55.3 5.6

195 ‘ 437 18.3
£ 48.0 13.7
106 51.5 10.0
16 53.4 8.0
26 54:7 6G7
o 56.7 4.7

135 & 46.2 -
10 47.3

H2 - 02

? K] d 'um] Vol % H,

upper limit lower limit

295 3 87,9 23.3
10 29 1 20.0
ik 89.7 18.3
26 90.0 17.0
& 90,7 15.3

12 ¢ 85,0 26.0
1C 87.3 22.7
1€ 88.4 20.7
2¢ 89.0 19,6
(0] 90,4 1705

[P Y
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Table )
-}Lg— -air
‘.1‘,?[0}{] length of the tute dfmm/ Voi.i H,

upper iwit lowey 1imiy

29% 7 m G 52 .6 25 .8
T n 10 57,0 20.3
4w 15 59,4 17,3
14 n 20 1.0 15.%

Tom 16 57.3 -

T m 26 04 .5 -
= 6% .6 12 .4

135 AR 10 551 ~
T m & did¢ noti detonate
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d s oo or 1/é —» 0 are exirapolated
values and that they have no real physical
gignificance, This can be seen very easily
by the fac® thai detonations in iLubes with
very largse inner diameters must be spherical
detonalionis and these cannot be compared to

dcecronation: in tubes of small diameters.

For tnc system methane - oxygen only the upper limit
of detonability fox TO = 135 °k was measured for
tutes of 1) and 6 mm inner diameter. This was done
tecavee th: lmpact of the detonations was too high

so that th: Dewar veseel would have been damaged

Ly nore measurcments.

The syster hydrogen - air is a very intleresting
one, At room temperature the length of the tubes (7m)
wae insufiicient for 4 = 1€ and 2% mm as cén e
seen in tte plot. For this reason only the upper

limit of «clonebility was investigated at T = 135 °K
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for tuve liameters of ¢ and 10 mm VPor d = ¢ mn

and TO = 135 %K the gas mixtare did not detonate.

To demonsirate the influcnce of initial temperature

on a etable detonation some values just benind the sho .k
front havz becn calculated for CH4 - 02 at the lipltis

of dectoranility (Tabvle 2).

ViT 4, THd CRITICAL TUDE DIAYMEY R

For tubtes with an inner diameter lers than the critical
diameter a stable d tonation is not possible. It is
very difficult to measure this dlameter directly,

but from our measurements it cen be ecotimoted from

Fig., 11, 12, 13, Thus the influence of the initial
temperatvre on the criti ar tube diameter is ob -
tained, #ud this will provide new intormstiony for
gsafety provlems, The estimated critical tube diameters

are shown in Table %,
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Table 2: Calculated valueg behind the

front shock wave {the detcnation velocity is measured)
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VILI DISCU3SSION

The classiral hydrodynamis theory of a stable
detonation is able to make good predictione

concerning detonation velocities, pressures, and
densities., The calculations for various initial
temperatur=gs give results which are in gond

agreement vith the experimental values. In the

case of a stable detonation the phenomenon of
multiheadel epin occurs if the gas mixture is no%

t00 close o the limits of detonability. In this

cage the model of a one-dimensional shock wave, followed
by @ rapié chemical reaction, is & good approximetiecn
ar.d it seeas reasonable to consider a Chapman-Jouguet
plane. This theory does not say anything about the
1imits of jetonability. The existence of tunese

limits can be attributed to phenomena which are not
considered in this classlcal theory. These phencmena
include rengtion kineties, hydrodynamic perturbations,

and the coupling of transversal shock waves with
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the possibile acoustic oscilletions in the burnt

gases givs~ vr the boundary conaltions, From the point
of view of tne reaction kinetics one has to consider the
heat release by the exothermic chemical reaction and the
time for tune heat release, because thig is the

energy source for the front shock wave. If these waves
are to influence the stability of a detonation, the
interaction of waves must be considered vetween the
shock wave at the front and the place where the local
Mach number reaches the value one. This follows from

the Chapmei-Jouguet theory. All there phenomena

cannot be considered separately, and this is the cause
for the conplex nature of a detonation and the diffi..
culty involved in explaining the existence of the limits
of detonability. At the limits of detonability

one always observes single headed spin. The detonation
front is given by a shock wave configuration like

the Mach t:iple configuration. Furthermore there in

& measurable local separation of the shock vave at the
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front of +<he reaction zone. The fact, that at

the limites of detonability the ratic of the vave
length of the acoustic oscillation in the burnt

gases to the tube diameter always rcaches a critical
value, indicates a coupling of the shock waves at the
front with these acoustic¢ oscillations.

From these facts one can try to explain the influence
of initial temperature on the limits of detonability.,
Why do these limits beccme narrowey for lower initial
temperatura ? We have seen that the temperature be-
hind the shock wave at the detonation front is almost
independent of initial temperature, and this temperatiure
is determinative for the chemical reaction. From this
point of view the reaction could only be influences
by the higher pressure behind the shock wave at the

lower initinl temperature. Because the rvacivion time

n

¥

o
ica v

is proportional to p~ thig might prove % a

(48]

~
v

-

slight influence. But then the detonation limits

would beccme wider with lower initial temperature .

-
il




There must “e a dominani effect into the other
direction. ‘nvestigations ef detonation apin

with the fi.m moving in the direction of the
detonation ‘ront with the same velocity demonsirated,
that also a; low temperatures there is & periodically
moving luminous zone in the detonation front. This
luninous zosne is the zone of strong chemical reaction.
This pictur: of an oscillating zone of strong chemical
reaction in the detonation front is supported by the
reaction zo:te behind a tripie Macl configuration

as demonstrated by Edwards a.o. [7] . At the limits

of detonabi ity ome triple Mach configuration goes

to and fro hetween the walls of the tube, and the

zone of the strongest chemical reaction alsc oszcillatee.
If the reac.ion zone is near the wall of the tube,

it might be influerced by the cool boundary iayer,

and for thi: reason the lower initial temp

might leed ‘5 a narrower detoration regime. Another

possibility as to why the lowering of the initial




temperaturc rcduces the stabilily of a detonation ie
the exigstence of rarefaction vaves coming tfrom the
celd wall into the zone belween the front shocl: waves
and the regime of Mach number one. This should be
voseible al the limits of detonability because of the
creater separation of the front shock waves and the
Chapman-Jouguet planc. Furthermore the danmping of the
acnustic waves in the burnt gases nust also be con-

sidecred,

Only the influence of low initial temperatures on the
limits of detonability has been investigated. What will
harpen if the initial temperature is increased ? There
is one ecriti al case. 1f the initial temperature
reaches tlie value for the self-igniticn of the
detonative pas mixture, no detonation can he generated
anymore, In a similar manner, the onset of & detonation
irom a laminar burning flame is restrained by higher

initial temreratures. Thus the detonation regime might
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be expected to become narrower for higher
initial tem eratures. Then thcre should be
a range of emperature at which the detonatlion regime

yecaches a maxinume.

IX A METHOD 70 AYPROXIMATE THE JIMITS OF DITONABILITY

For a stable detonation the detonation velocity

is independ:nt of the length of the tube and there-
fore independent of the kind of ignition, provided
that the ignition wag strong enough to ignite the
gasey., Therefore one should expect, that the limits

of detonability in very long tubes are independent

of the manner of igniting either by an initial detonation
or by a weal: flame. To test this, we took a tube of
plexiglass of about 3 m length wiih one end closed.,
Near the closed end the detonative gas mixture was
ignited by ¢ pilot flame through a small hole in the
wall of ihe tube. By this weak ignition no shock waves
were producced at the point of ignition., The induction
time and th: induction distance were measured from the

point of ig:ition to the point of the onset of the
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detonation whkich i indicated by a high luminosity

and the oc:urence ¢f the retonation wave. The ratio

of the ini:.iation distance over the initiation time,

the Cppenhiix veiocity, divided by the velocity of

sound of tie undisturbed gas wae ploilted against the

fuel gas concentration (Fig. 14). The extrapolation

of these caurves to MOpp = XQRE;— —% 0 gives the

limils of letcnability, measured in long tvubes of

the same ¢.ameter with the experimental designs described
above. This approach is a very simple one to éetlermine
the limits of detonability. It is at least a&a .ery good
method to estimate the limits of detcnebility, which

can otherwise only be measured with great experimental

expenditure.
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theory is discussed in relation to shock wave configurations, i.e. th
dach triple configuration. The eaiential arguments {or the existence
of the limits of deton ab711ty are discussed., TFinally a new method {o
estimate thie Limits of detcaability witli a very wmule exverimental
arrangement is described. By this method experiments conc crning the
stabi 11tJ of & det.nation and its initiation process uare linked to-
gether.
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